This paper presents an overview of current researc " h efforts aimed at improving turbine-engine structural-instrumentation capabilities. Emphasis is placed on non-intrusive concepts that will be applicable to the advanced engines currently in use, or concepts being developed for initial operational testing shortly after the turn of the century. Technologies to be described include: blade-tip deflection sensors to determine dynamic stress, thermographic phosphors to measure metal temperature, pressuresensitive paints and air etalons to measure dynamic pressure, and micro-electro-mechanical systems to assess a variety of parameters. Advantages, potential problems and limitations of each system are presented, and an assessment of the applicability of each system to either the Integrated High Performance Turbine Engine Technology or the High Cycle Fatigue initiative is made.
INTRODUCTION
Structural instrumentation is used to characterize the engine environment and to identify potential problems which may occur during an engine test. Knowledge of a potential problem allows the test engineer to take corrective action before damage to-or failure of-the engine occurs. The turbine-engine industry relies on structural instrumentation to verify structuraland aerodynamic-prediction capabilities. The predictions are used to assess turbine-engine component life and to predict strain, temperature, and pressure (loading) at different operating conditions. The operating environment of today's turbine engine taxes every capability of current strain gages, pressure transducers and thermocouples. Presently, we cannot adequately instrument current-technology gas-turbine engines with reliable strain gages, pressure transducers and thermocouples; this technology gap will create even more significant instrumentation problems in future turbine engines.
To define desired performance for requisite instrumentation is not an easy task because of the wide variety of applications (non-rotating/rotating) and test conditions (moderate temperature, high temperature, low-cycle fatigue, high-cycle fatigue) involved with turbornachinery. Depending upon the situation, strain gages have been known to perform for as long as 700 hrs to as little as a few minutes. For gages mounted on rotating blades, in-house experience has shown that the gages perform, at best, with an uncertainty of 1.85% (1). This, of course, does not include strain-gage imperfections and bias caused by installation; no one knows how to account for effects caused by the epoxy used to secure the gages or the wires. These additional sources of error can cause gage uncertainties in excess of 20% in engine applications. Aside from this fact, gage failures are most often due to separation of the lead wires from either the gage or the slip ring. This problem results from high centrifugal loading or high dynamic stress. If the gage fails, it is most likely because of high temperatures, high dynamic stress or improper installation. Unfortunately, the failures mentioned are not limited to stain gages; they effect all instrumention (pressure transducers and thermocouples) that requires wire leads.
To accomodate blade-mounted pressure tranducers and thermocouples, the rotor blades are machined for housing the sensors. In the case of thermocouples, trenches are often used to house the required lead wires, whereas the lead wires for tranducers are often glued to the airfoil. For thermocouples the trenches can be filled and then ground down to a smooth surface such that the effect to the aerodynamic performance of the blade is minimal. However, the epoxy used to secure the wires required for each transducer (four total) affects the aerodynamic performance of the blade. Both techniques, however, influence the structural integrity and heat-transfer properties of the compontent. Furthermore, temperature measurements may be inaccurate because the sensor is located below the surface and is surrounded by a large thermal mass (2). Finally, the machining requirement adds considerably to the cost of the instrumentation. For all the reasons provided, there is an interest in developing less-intrusive or non-contact instrumentation.
Two efforts are currently being pursued by the Air Force and other US Government agencies to develop future engines; these are the Integrated High Performance Turbine Engine Technology (IMPTET) and High Cycle Fatigue (HCF) programs. Both of these efforts present the instrumentation engineer with an enormous challenge. IHPTET's goal of doubling propulsion capability by the year 2003 (without reducing engine life or reliability) will necessitate radical changes in virtually all aspects of turbine-engine technology. Achieving this goal will require tomorrows engines to: run at much higher temperatures while using little or no cooling air, operate at even higher tip speeds, utilize an array of new materials, and incorporate radical changes in design philosophy. Each of these requirements hinders our ability to make adequate strain and temperature measurements on the various structural components. Similarly, achieving the goal of the HCF program-to double the reliability of engine components-is dependent on having non-intrusive sensors which are very accurate in the test-cell environment, as well as long-lived non-intrusive sensors for engine health-monitoring systems. These sensors must be capable of accurately determining the dynamic response characteristics of engine components as well as the dynamic flow field characteristics of the gas path in which they operate.
The attempt to address the needs of both of these programs has resulted in our investigating a number of innovative concepts which have demonstrated significant potential for providing the measurement capabilities needed for the advanced turbine-engine technology coming on line in the next century. This paper will review prior and current research efforts that are intended to address the IHPTET program as well as recently initiated efforts that more specifically address the HCF program.
BLADE-TIP-DEFLECTION SENSORS
The Non-contacting Stress Measurement System (NSMS) uses blade-tip time-of-arrival measurements to determine the dynamic tip deflection characteristics of a stage of an operational turbine engine. The system consists of a number of probes mounted to the case of an engine directly outside the stage of interest, as presented in Fig. 1 , and software to convert the sensor output to tip deflection. Algorithms are then used to determine the blade stress which corresponds to the measured tip deflection. NSMS is a very attractive alternative to conventional dynamic strain gages, a major advantage being the non-intrusiveness of the technique. It requires no telemetry or slip rings to transmit the data, and nothing is affixed to the blade to disturb the flow field or other blade parameters.
The sensing probes consist of two fiber-optic bundles, a lens, and a photo-detector. The input fiber-optic bundle carries the light from a source through the lens and the case "window". The lens is used to focus both the emitted light to the plane of the blade-tip passage and the light diffusely scattered from the bladetip passage into the output fiber bundle. The output fiber-optic bundle then transmits the light pulse to the photo -detector which triggers an electrical pulse denoting the arrival time of the blade. The time-of-arrival is then compared with the anticipated or expected time of blade-tip passage to determine the time deviation. The tip deflection can then be determined from the product of the time deviation and the circumferential velocity of the blade tip. In addition to providing an accurate indication of tip deflection, these sensors are sufficiently robust to withstand high levels of temperature, pressure, and case vibration.
The output from the sensors is then conditioned and digitized, and a raw data base is created. The raw data is mathematically converted to tip-deflection amplitude vs. frequency using a conversion analogous to a Fourier transform (in fact, a direct Fourier transform when integral order modes are not present in the vibration). The tip-deflection amplitude vs. frequency data is converted into useful engineering data by correlation to a library of tip-deflection vs. dynamic-stress characteristics. In this correlation the software basically "looks up" the dynamic stress distribution at each of the participating resonant frequencies by means of the measured tip deflection. The library of tip-deflection amplitude vs. dynamic-stress characteristics would typically be created using finite-element analysis, although alternative inputs and/or corrections could be made from strain gage and/or laboratory test techniques such as Thermoelastic-Stress Analysis. The integration of these stress patterns will yield the overall dynamic stress distribution of the blade.
Previous engine test programs have demonstrated the ability of NSMS to measure non-integral order vibration of fan and compressor stages. The major shortcomings of previous systems include limited tip-deflection accuracy, inadequate measurement of integral order vibration, limitations in multiplemode sensing capability, and inability to convert tip deflection to dynamic stress. A number of groups have done developmental work on various blade-tip deflection sensors and have had success in addressing some of these shortcomings (3) (4) (5) .
Although the U. S. Air Force sponsored a number of NSMS development activities in the early 80's, budgetary constraints and competing priorities created a funding gap of -10 years for this research. This Generation 3 NSMS, as it is referred to, was capable of measuring non-integral-order-mode (MOM) tip deflections of 1-2 mils (-0.025 -0.05 mm) and intergral-ordermode (IOM) tip deflections of 5-10 mils (-0.127 -0.254 rum). The requirements of the High Cycle Fatigue (HCF) initiative focused attention on the need to further develop and expand the capabilities of this technology. As a result, a new program has been initiated with the goal of developing Generation 4 NSMS. This activity is being carried out by the Propulsion Instrumentation Working Group (PIWG), a consortium comprised of the major U. S. engine companies and the U. S. Air Force and NASA-Lewis. The goal of this program is to develop an upgraded NSMS system with a 5X improvement in tipdeflection measurement capability (NIOM tip deflections of 0.2-0.4 mils (-0.005 -0.01 mm) and IOM tip deflections of 1-2 mils (-0.025 -0.05 mm)) concurant with improvements in integralorder and multiple-mode sensing. Unlike the Generation 3 NSMS, which had only four sensing probes, Generation 4 NSMS will accomodate up to 24 probes for enhancing the capability to measure multiple simultaneously occurring modes. Ideally these sensors will be easy to remove from the exterior of the case in the event of sensor failure. This goal presents a number of challenges in several different technology areas. However, the potential payoff-as well as the encouraging results encountered thus far-make them well worth undertaking.
DYNAMIC PRESSURE SENSING
A number of concepts are under development which have the potential to improve significantly our ability to nonintrusively determine aerodynamic pressure fluctions in both rig tests and the engine environment. The principal techniques currently being evaluated by the Air-Force-Research-Laboratory Propulsion Directorate (AFRUPR) are Pressure-Sensitive Paint (PSP) and Air EtaIons. PSP is a measurement technique which is now routinely used in stationary wind-tunnel applications. The principal differences between the PSPs used by the wind-tunnel community and those needed by the turbine-engine community are the requirements for higher temperature capability and for higher dynamic response. Significant research efforts are underway at AFRUPR to develop PSPs that meet these needs and to validate the measurement capabilities of PSPs for turbomachinery applications.
PSP employs the tools of molecular spectroscopy to measure pressures by optical means. Measurements are made via photoluminescent oxygen-sensitive molecules attached to the surface of interest as a coating, or paint. Since the oxygen concentration is directly related to the local pressure, the technology is commonly referred to as pressure-sensitive paint. PSPs exhibit a fluorescence spectrum whose spectral line amplitudes and decay times vary uniquely with oxygen concentration, or pressure. Rather than using the decay time of the paint, it is preferred to measure the intensity (amplitude) of the paint to obtain pressure data because most decay-time measurement techniques are limited to a single point whereas two-dimensional data is more desirable.
To obtain surface-pressure data, the luminescence intensity at a reference pressure level, 1 rd, is quantified over the surface of interest using a chagre-couple-device (CCD) camera. The painted surface is excited using lamps or lasers. Bandpass filters are used to block extraneuos light and focus on the spectral line of the paint luminescence. A second measurement is acquired on the surface at a desired test condition, I. For this method, the ratio of luminescence intensities (I rd fl) is calibrated to indicate the surface pressure. A typical calibration of a PSP at room temperature is shown in Fig. 2 . With today's CCD cameras having a million or more pixels, this technique provides continuous surface-pressure measurement with unequaled spatial resolution. The output of the CCD array can be visually represented as a two-dimensional image, with the luminescence corresponding to a gray scale. To eliminate the need for a reference image, efforts are under way to develop a twodimensional data-acquisition technique to measure decay time of the paints. A more detailed explanation of the PSP technique relative to its use in turbomachinery is provided in Ref. 6 .
The Air Etalon is a sensing concept based on Fabry-Perot interferometry. In its simplest form, a Fabry-Perot etalon consists of two mirrors separated by a certain distance. When light is incident upon an etalon, optical interference occurs; at certain optical resonance frequencies, virtually all of the incident light is transmitted through the etalon, while at other frequencies most of the light is reflected. The optical resonance frequency depends on the optical path length between the two mirrors. This fact can thus be utilized to design a pressure sensor based on a FabryPerot etalon where the change in optical resonance is monitored as the optical path length changes as a result of changes in pressure.
One method of designing an etalon sensor, using thin-film deposition techniques, would be to deposit a mirror directly on top an engine blade, followed by a transparent solid spacer material and a partially reflecting mirror. However, after examination of the equations governing etalon behavior using parameters required for an engine sensor, it was determined that a solid etalon would be several times more sensitive to a I-degree change in temperature than to a 1-atm change in pressure. Thus, as a pressure sensor, a solid etalon would be well suited to environments where the temperature change is very small compared to the pressure change, which, unfortunately, is not the case for a turbine engine.
To increase the pressure sensitivity and decrease the temperature sensitivity, an air-gap etalon can be employed. The etalon can be constructed on an engine part using chemical vapor deposition to apply the mirrored surfaces and photolithography and etching to produce the air cavity. The result is two mirror layers separated by an air-gap supported by solid columns or posts, as presented in Fig. 3 . The sensitivity to pressure is much higher for the air eialon than for the solid etalon, and-for most of the temperature and pressure ranges of interest-the sensitivity of the air etalon to pressure is much higher than the sensitivity to temperature. Thus, with this sensor configuration it should be possible to measure pressure changes in the midst of temperature changes, provided a separate temperature reading could be attained through some other optical technique such as conventional optical pyrometry or thermographic phosphors.
Contractual efforts presently underway will further develop the capability of each of these sensors, and a comparative evaluation of these sensing concepts under a variety of realistic engine operating conditions will be conducted. These contractual efforts should be complete in early 2000.
THERMOGRAPHIC PHOSPHORS
Turbine-engine metal temperatures are currently measured using either thermocouples or optical pyrometry. Problems associated with thermocouples were presented previously. Optical pyrometry is a technique used to measure surface temperature based upon the black-body emission of the surface. Optical pyrometry, while highly desirable for its noninvasiveness, displays a decrease in measurement accuracy as the temperature approaches the lower bound of -I300°F (-722°C). Reflected radiation also introduces error into the measurement. When high levels of reflected radiation are present or the metal temperature drops below -1300°F, the technique is ineffective. These limitations severely curtail the usefulness of these sensors in turbine applications, and virtually preclude their use in fans or compressors.
Previous work done by the US Department of Energy (7) and by Allison Engine Co. (8) has demonstrated that thermographic phosphors have the potential to alleviate many of the problems associated with current metal-temperature measurement. Thermographic phosphors exhibit a phosphorescence spectrum whose spectral line amplitudes and decay times vary uniquely with temperature (Fig 4) These phosphors are typically excited to luminesce by means of short-
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wavelength (ultra-violet) pulsed laser radiation. The luminescence is then passed through an optical bandpass filter to select the desired emission line and to eliminate any extraneous background radiation, and an oscilloscope is used to determine the decay time of the luminescent signal. This decay time gives a direct indication of the temperature of the phosphor. It is important to note that this data-acquisition technique can also be used to acquire PSP data using the PSP decay-time characteristic. Furthermore, the PSP community routinely uses temperaturesensitive paints (TSPs) because current PSPs exhibit sensitivity to temperature. TSPs are used to temperature-compensate the PSP data. Hence, TSPs and thermographic phosphors actually refer to the same technique. In prior Air Force-sponsored programs a number of phosphors have been characterized to temperatures approaching 3000°F (-1666°C) and bonding techniques applicable to advanced engine materials and environments have been developed.
MICRO-ELECTRO-MECHANICAL SYSTEMS (MEMS)
Microfabrication technology-and, more specifically, silicon micromachining-has been a key factor in the rapid progress of microsensors (pressure, temperature, strain, and acceleration). Micromachining is currently used to fabricate a wide variety of mechanical microstructures. These microstructures, both with and without integrated electronics, have been used successfully to realize a wide range of microsensors. The Air Force has a particluar interest in MEMS with respect to minaturization of sensors that will have less aerodynamic and structural impact than conventional instrumentation. Also, the miniaturization of sensors will allow instrumentation of flights tests where there is little room for support equipment, etc.
Microsensor development began with physical sensors, partly because of existing market demand and partly because mechanical sensors can be easily scaled or transferred from conventional sensors. Furtherrmore, the fabrication technology developed for integrated circuits was easily adapted to fabricate mechanical components for physical sensors. These microsensors are currently seeing widespread use in numerous low-temperature applications. Unfortunately, the principal need in the turbineengine area is for high-temperature sensors. Silicon-based microsensors do not provide temperatures near those required for turbine-engine utilization. Activities have recently been initiated to investigate the capabilities and fabricability of microsensors based on silicon dioxide as opposed to silicon. These sensors are expected to have several-hundred-degrees greater temperature capability: unfortunately, significant development will be required prior to their introduction as turbine-engine sensors.
CONCLUSIONS
An area of ever-increasing concern in the turbine-engine community is the accurate determination of the strains, pressures and temperatures under which engine components must operate. As we strive for higher thrust/weight ratios, structural efficiency becomes even more important. To ensure that components are not overdesigned-and therefore heavier than necessary-it is vital that systems and instrumentation be developed which predict and subsequently confirm the exact temperatures, pressures and stresses encountered. Furthermore, the HCF problems recently experienced by the Air Force clearly demonstrate the need to improve measurement and analytical-prediction capabilities. The state-of-the-art of structural instrumentation has many shortcomings in both strain-gage, pressure-transducer and thermocouple areas, but a number of alternative sensing concepts-generally described in this paper-are in various stages of development and have the potential to provide solutions to many of these problems. Future turbine-engine tests will demonstrate the capabilities of these new sensing concepts and point out areas requiring additional work.
The state-of-the-art of structural instrumentation does not adequately address the needs of today's turbine-engine test programs. The IHPTET initiative with its higher temperatures and new materials requires a dramatic increase in instrumentation capability. The HCF initiative further intensifies the need to improve turbine-engine instrumentation. Although a number of efforts are underway to address these needs, additional research programs are imperative to provide the advances required. 
